Introduction
Each human cell contains a nuclear (nDNA) and mitochondria genome (mitochondrial DNA (mtDNA)). mitochondrial DNA has been shown to be exclusively maternally inherited (Giles et al., 1980) . Mammalian cells typically contain 10 3 -10 4 copies of mtDNA. mitochondrial DNA can replicate independently of nDNA (Lightowlers et al., 1997) . Mitochondria possess a double-membrane structure and contain doublestranded genome capable of transcription, translation and protein assembly. Human mtDNA is a 16.6 kb circular double-stranded DNA molecule, which is present at a high copy number per cell, and the number varies widely with the cell type. Human mtDNA encodes 13 polypeptides involved in respiration and oxidative phosphorylation, 2 rRNAs and a set of 22 tRNAs that are essential for protein synthesis in the mitochondria (Attardi and Schatz, 1988) . Mitochondria have also been shown to play an important role in apoptosis, a fundamental biological process by which cells die in a controlled manner (reviewed in (Wang, 2001) ). Apoptosis plays a critical role in cancer development and in the cellular response to anticancer agents. Thus, it is important to understand the biology of mitochondria and its contribution to tumorigenesis. Mitochondria generate much of the cellular energy through the process of oxidative phosphorylation, a process in which hydrogen is oxidized to generate water and ATP. Reactive oxygen species (ROS) are produced as by-products of respiration and the oxidative phosphorylation process. The close proximity of mtDNA to the ROS production site makes it more vulnerable to oxidative injury and may account for a portion of the increased mtDNA mutations often observed in cancer.
Defects in mitochondrial function have long been suspected to contribute to the development and possibly progression of cancer. Over half a century ago, Warburg (Warburg, 1956a; Hockenbery et al., 2002) initiated research on mitochondrial alterations in cancer and proposed a mechanism to explain the differences in energy metabolism between normal and cancer cells. He suggested that mitochondrial alterations could provide unique therapeutic targets in various cancer types (Warburg, 1956a, b, c) . As Warburg's proposal, several cancer-related mitochondrial alterations have been identified. These alterations include changes in mtDNA content, altered expression and activity of respiratory chain subunits, and mtDNA mutations. One recent report suggested that care should be taken when reporting mutations due to sample contamination and or mix up (Salas et al., 2005) . This review article provides a detailed summary of mtDNA mutations reported in various types of cancer. We have focused on mutations, which cause an amino acid change in coding regions. Other references sited in this review predominantly deal with silent mutations in the control or noncoding regions. Furthermore, this review offers some perspective as to the origin of these mutations, their functional consequences in cancer development, and possible therapeutic implications.
Mitochondrial DNA mutations in human cancer
The human mitochondrial genome has been completely sequenced and all the mitochondrial encoded genes have been identified and characterized (Grivell, 1983; Blanchard and Schmidt, 1996) . Several mtDNA mutations have been identified in various types of human cancer. Mutations have been found to be present in both the non-coding region and coding regions of the mtDNA and the majority of the mutations appeared to be homoplasmic in nature (Figure 1 ).
Breast cancer
Several studies have examined the presence of mtDNA mutations in breast cancer. One of the most comprehensive studies is that by Tan et al. (2002) which sequenced the complete mitochondrial genome in 19 sets of paired normal and tumor tissues from the same patients. Tan's studies reported somatic mutations in 74% of the patients, with the majority of the mutations (81.5%) restricted to the control regions (D-loop) of the mtDNA. The remaining 18.5% of the mutations were detected in the 16S rRNA, ND2, and ATPase 6 genes (Tan et al., 2002) . Of these mutations, five (42%) were deletions or insertions in a homopolymeric C-stretch between nucleotides 303-315 (D310) within the D-loop. The remaining seven mutations (58%) were single-base substitutions in the coding (ND1, ND4, ND5, and cytochrome b genes) or non-coding regions (D-loop) of the mitochondrial genome. We previously found that 61% (11/18) of the fine needle aspirates from primary breast tumors harbored mtDNA mutations that were not detected in matched lymphocytes from the same patient or in age-matched normal breast tissue. In that study, we reported that 42% of the mutations were present in the D310 region encompassed within the control region (D-loop) of the mtDNA . Although the most common mtDNA mutations detected in breast cancer have been largely single base substitutions or insertions, a large deletion of 4977 bp has been detected in both the malignant and paired normal breast tissues of patients with breast cancer (Bianchi et al., 1995) .
Colorectal cancer mtDNA mutations have been examined in human colorectal cancer cell lines as well as in human colon cancer. Studies by Polyak et al. (1998) analysed 70% of mtDNA sequence in primary samples. The mutations were found in regions encoding ND1, ND4L, ND5, Cytochrome b, COXI, COXII and COXIII as well as in the12S and 16S rRNA genes. The mutations in the cell lines also matched those in the primary tumors from which the cell lines were derived. Similar to the breast cancer mutations, mtDNA mutations in colorectal cancer were mostly homoplasmic in nature, and often transitions at purine sites, suggesting that the mutations may have occurred from ROS damage.
Using a combination of heteroduplex analysis and single-stranded conformation polymorphism (SSCP) analysis, Alonso et al. (1997) examined mtDNA mutations in the non-coding D-loop region in paired normal and tumor DNA from 13 colorectal patients and reported the presence of somatic mutations in three of 13 (23%) cases. These mutations were A-T and G-C transitions, one base pair deletions and 2 bp insertions. Using PCR-SSCP, Habano et al. (1998 Habano et al. ( , 1999 reported that 44% (20/45) of sporadic human colorectal carcinomas harbored mutations in the D310 region of the Dloop. Habano's studies also identified frame shift mutations in the regions encoding ND1 and ND5, however there was no report of large-scale deletions such as those observed in breast cancer (Habano et al., 1998 (Habano et al., , 1999 . Some of the colorectal cancer harbored only homoplasmic mutations, while others harbored both normal and mutated mtDNA (heteroplasmy). Liu et al. (2001) sequenced the D-loop region of mtDNA of 15 primary ovarian carcinomas and matched normal control tissues. Their study revealed that 20% of tumor samples carried single or multiple somatic mtDNA mutations. In the same study, a complete sequence analysis of the mtDNA genomes of another 10 pairs of primary ovarian carcinomas and control tissues showed a high incidence (60%) of somatic mtDNA mutation. A majority of the mutations were homoplasmic, and most were T-C or G-A transitions. The four regions of the mitochondrial genome primarily affected by these mutations were the D-loop, 12S rRNA, 16S rRNA and cytochrome b, suggesting that these regions may be mutational hotspots in ovarian cancer.
Ovarian cancer

Gastric carcinoma
The mtDNA D-loop contains the initial site of heavy chain replication and the promoters for heavy and light chain transcription. PCR amplification of the D-loop region by Zhao et al. (2005) revealed 18 gene mutations in the cancerous tissue from seven patients. Four of these alterations appeared to arise from microsatellite instability in the D-loop region.
Using polymerase chain reaction and direct sequencing Wu et al. (2005) reported that 48% (15/31) gastric carcinomas displayed somatic mutations in the D-loop region. Interestingly in the same study they showed that 10 (67%) cancers with the somatic mutations in the Dloop had insertion or deletion mutations in nucleotide position (np) 303-309 of the mononucleotide repeat region (poly-C track). In a separate study of the mtDNA D-loop region alone by Alonso et al. (1997) ), three of eight gastric tumors showed similar D-loop alterations.
Mutational variations in conserved 12S rRNA regions have also been found, specifically np652 G insertion and (Han et al., 2005) . Burgart et al. (1995) analysed 77 gastric adenocarcinomas and found a 50 bp deletion in the mitochondrial Dloop region (4/32, 12.5%). The deletion included the CSB2 region and was flanked by 9-bp direct repeats. The deletion was present only in the adenocarcinomas arising from the gastroesophageal junction but was reported absent in the distal tumors. All of the above studies suggest that somatic mtDNA mutations and mtDNA deletion occur commonly in gastric cancers.
Hepatocellular cancer
Hepatocellular carcinoma (HCC) is a highly malignant tumor prone to multicentric occurrence. Mitochondrial DNA mutations within the D-loop control region are a frequent event in HCC. Nomoto et al. (2002a, b) identified mitochondrial mutations in HCC and found that 13 of 19 patients (68%) harbored a D-loop mtDNA mutation in at least one tumor. They also observed Ctract deletion/insertion mutations in eight of 19 cases (42%) and five other missense and deletion/insertion mutations in an additional five cases (26%). A separate study testing malignant and non-malignant liver tissue of HCC patients found a high frequency of mutations in the D-loop region, especially in the region between nucleotides 100 and 600. A G-A transition at nucleotide 263 was found in all mtDNA samples and a T-C transition at nucleotide 489 as well as a C insertion between nucleotides 311 and 312 (Nishikawa et al., 2001) . The frequency of these mutations correlated with the degree of malignancy. Most of the mutations detected were homoplasmic in nature, which indicates that the mutated mtDNA had become dominant in both HCC tissue and hepatocytes in non-cancerous regions of the liver. Further this suggests that the repeated destruction and regeneration of liver tissue associated with chronic viral hepatitis lead to the accumulation of mtDNA mutations.
In recent studies, mutations and deletion of specific areas of the mitochondrial genome in tumor and matched normal tissue of 62 patients with HBV infection were identified. The frequency of subjects harboring a D-loop mutation, was significantly greater in the liver tissue of subjects with HCC compared with normal control cases (59 vs 11%) while the incidence of deletion in mtDNA was significantly lower in patients with HCC (Wheelhouse et al., 2005) . In an earlier study involving direct sequencing of mtDNA in 54 hepatocellular carcinomas (HCCs), mtDNA alterations were found in the D-loop region both in the HCC and the non-cancerous liver tissue. Twelve of 52 mutation sites in the D-loop region of mtDNA were claimed to be specific for HCC. No mtDNA mutation was detected in normal liver without chronic inflammation (Tamori et al., 2004) . It was pointed out that frequent D-loop mutations in HCC could help determine the clonality of multiple HCCs. These mutations could thus serve to distinguish metastatic disease from the occurrence of multiple independent primary tumors.
Pancreatic cancer
Recently, the mitochondrial genome in 15 pancreatic cancer cell lines and five ductal adenocarcinoma xenografts was sequenced and revealed somatic mutations in virtually all cancers examined. Homoplasmic mutations were found within coding sequences or regulatory sequences. The mutations were found in mitochondrial rRNA genes, NADH dehydrogenase genes coding for complex I proteins (mtND1, mtND2, mtND3, mtND4, mtND4L and mtND5). Mutations were also found in complex III, mitochondrial cytochrome c oxidoreductase gene (mtCytB), complex IV mitochondrial cytochrome c oxidase genes (mtCOX1, mtCOX2, and mtCO3) and complex V mitochondrial ATP synthase genes (mtATP6 and mtATP8) and the D-loop regulatory region (Jones et al., 2001) .
Prostate cancer
Previous studies of mtDNA have identified larger mtDNA deletions in prostate cancer (Jessie et al., 2001) . In one study, the authors isolated DNA from 34 radical prostatectomy specimens, and the entire mitochondrial genome (16.5 kb) was amplified using long-range PCR (LXPC) (Jessie et al., 2001) . Gel electrophoresis was performed to visualize the presence of low molecular weight (o16 kb) bands due to mtDNA deletions. In one of our studies, partial mitochondrial genome sequence analysis of 16 matched premalignant prostate lesions and primary prostate cancers revealed 20 mtDNA mutations in the tumor tissue of three of 16 patients. Identical mutations were also identified in the PIN lesion from one patient (Jeronimo et al., 2001) . Petros et al. (2005) showed that 11-12% of all prostate cancer patients harbored cytochrome oxidase subunit I (COX I) mutations that altered conserved amino acids. (Suzuki et al., 2003) .
Lung cancer
Renal cell carcinoma
A study involving end-stage renal disease (ESRD) revealed 94 mtDNA polymorphisms (4-27 per individual) mtDNA mutations in human cancer A Chatterjee et al in the kidneys of the six patients. A few heteroplasmic variations were found of which 19/69 (56%) resulted in alteration of the amino acid sequences (Nagy et al., 2003) . In another study involving eight chromophobe renal cell carcinomas (RCCs) and corresponding kidney renal parenchymal cells the entire mitochondrial genome was sequenced. One-third (28%) of the sequence variants were reported in the D-loop region. (Nagy et al., 2002) . Loss of mtDNA and the mRNA coding for NADH dehydrogenase subunit 3 was reported in eight of 13 tumor kidney tissues in another study (Selvanayagam and Rajaraman, 1996) . Moreover, PCR was used to study 39 human renal cell carcinomas (RCC) and matched normal kidney tissue removed during radical nephrectomy. Sequence analysis of one tumor specimen revealed a 264 bp deletion in the first subunit NDI (complex I) of the electron transport chain (Horton et al., 1996) . Other studies involving mtDNA content measurement and functional mitochondrial enzyme measurement showed that both differed significantly from normal tissue. With increasing aggressiveness of RCCs, there was an increase in mitochondrial impairment, with decreased content of oxidative phosphorylation (OXPHOS) (complexes II, III and IV of the respiratory chain, and ATPase/ATP synthase) rather than to the mitochondrial content (citrate synthase and mitochondrial DNA). All renal cell carcinomas (RCCs) of clear cell type (CCRCCs) and chromophilic tumors studied exhibited a low content of complex V protein.
But F(1)-ATPase activity was not decreased and its impairment was associated with increased aggressiveness in CCRCCs (Simonnet et al., 2002) . These findings support the hypothesis that a decreased oxidative phosphorylation favors increased tumor growth or invasiveness. The same authors reported decreased protein content and NADH dehydrogenase activity in renal oncocytomas (Simonnet et al., 2003) .
Thyroid cancer
The role of mtDNA mutation in thyroid cancer is yet to be established, though it has been known for a long time that thyroid tumors contain abnormally high numbers of mitochondria (Stefaneanu and Tasca, 1979) . In a recent study involving 24 thyroid tumor specimens (19 primary papillary thyroid carcinomas (PTC), one follicular thyroid carcinoma, and four multinodular hyperplasias), mtDNA mutations were analysed by sequencing the entire coding region of the mitochondrial genome. Seven of 19 PTC had somatic mutation and one of four multinodular hyperplasias also showed somatic mutation. The majority of the mutations were found in complex I and a severe defect in complex I activity was detected in thyroid cancer cell lines using flow cytometry (Abu-Amero et al., 2005) . Studies by Maximo et al. (2002) involving 79 benign and malignant thyroid tumors reported 57 somatic mutations. Unlike many other cancer types the incidence of D310 C-tract mutation was reported as relatively low (Tong et al., 2003) . Previous studies using real-time PCR, involving adult patients possibly exposed to radioactive fallout from Chernobyl reported high mtDNA content in thyroid tumor tissue. Increased large-scale deletions were found mainly in tumor tissues of the radiationassociated group and correlated with the level of radio pollutant in PTC (Rogounovitch et al., 2002) .
Brain tumors
Mitochondrial alterations have been described in malignant gliomas for some time now. Earlier studies on gliomas described changes in the copy number of mtDNA (Liang and Hays, 1996) . In another study, 100% of the low-grade tumors studied revealed an increase in copy number when compared to a normal brain control (Liang, 1996) . Recent studies of 42 cases of malignant gliomas showed alterations in 36% of the cases in the D-loop region. However, MRI and clinical follow-up of these patients suggested that these mutations were not associated with increased aggressiveness (Montanini et al., 2005) . In another study by Wong et al. (2003) mitochondrial mutations were found in medulloblastoma. The entire mitochondrial genome of the 15 cases of medulloblastoma and the corresponding cerebrospinal fluid (CSF) of eight of 15 cases was analysed using temporal temperature gradient gel electrophoresis.
Results indicated that 40% of the cases studied had at least one mitochondrial mutation in each of the tumors studied. Remarkably, seven of eight of the CSF samples studied also showed the presence of mtDNA mutation (Wong et al., 2003) .
Other solid tumors
The frequency of mitochondrial mutation in other forms of cancer has been studied to a lesser extent. Previous studies from our lab involving bladder and head and neck cancer revealed base transitions from T to C and G to A in ND3, ND4, mitochondrial Cytochrome b, 16S rRNA and D-loop region (Fliss et al., 2000) . Another study involving 56 tumors (16 transitional cell carcinoma of the bladder, 20 breast cancer, 14 squamous cell carcinomas of the cervix and six endometrial tumors) samples for deletion and insertion in the D310 region, revealed 13 mutations, with the highest frequency of mutations in cervical cancer (Parrella et al., 2003) . Mitochondrial mutations have also been reported in the D-loop control region of esophageal carcinomas (Abnet et al., 2004) . Earlier studies involving adenocarcinomas arising in Barrett's esophagus revealed alterations in the D-loop region in 40% of the patients examined (Miyazono et al., 2002) . Another study showed that 2/ 37 primary esophageal cancers (5%) contained somatic mutations in the D-loop region of mtDNA (Hibi et al., 2001) . These correlative finding reveal that mtDNA play a crucial role in the development of cancer but further work is required to establish the functional significance of specific mitochondrial mutations in cancer and disease progression. The mutations discussed in this review, which lead to amino acid changes have been compiled as Tables 1  (complex I), Table 2 (complex III), Table 3 (complex IV) and Table 4 (complex V). Macheda et al., 2005) . Other defects in biochemical pathway include reduced pyruvate oxidation and increased lactic acid production (Lopez-Alarcon and Eboli, 1986; Mazurek et al., 1997; Eigenbrodt et al., 1998; Basso et al., 2004; Wenzel et al., 2005) . Reduced fatty acid oxidation (Ockner et al., 1993; Hardy et al., 2003) increased glycerol production (Shaw and Wolfe, 1987; Beck and Tisdale, 2004 ) modified amino acid metabolism (Peluso et al., 2000; Denda et al., 2002; Maxwell and Rivera, 2003) and increased pentose phosphate pathway activity (Ferretti et al., 1993; Boros et al., 1998 Boros et al., , 2000 are some common alterations associated with cancer cells. Mitochondrial mutations were also reported in normal subjects, especially with advancing age. In mtDNA mutations in human cancer A Chatterjee et al particular the A189G age-associated mutation was found only in older individuals and prevalently in ragged red fibers in muscle (Cormio et al., 2005) . Sequence analysis of substantia nigra of normal human subjects also revealed mitochondrial somatic mutations in both neurons and glia (Cantuti-Castelvetri et al., 2005) . Other reports have shown the existence of two point mutations (A189G and T408A) within the D-loop region in skeletal muscles from aged individuals (Del Bo et al., 2002) . Other somatic mutations in apparently normal subjects have been reported (http://www.mitomap.org/cgi-bin/mitomap/tbl14gen.pl), but most were associated with aging or one of the known mitochondrial diseases, the discussion of which is beyond the scope of this review article. The activity of other enzymes involved in oxidative phosphorylation is known to be decreased in cancer cells. The alpha subunit of mitochondrial F(1)F(0)-ATP synthase has been shown to be downregulated in colorectal carcinomas (Sakai et al., 2004; Shin et al., 2005) . Studies have also revealed reduced expression of the beta 1-subunit of Na-K-ATPase in poorly differentiated carcinoma cell lines derived from colon, breast, kidney and pancreas (Espineda et al., 2004) . Significant reduction in the expression of beta-F1-ATPase has also been observed in breast and gastric adenocarcinomas, as well as in squamous esophageal and lung carcinomas (Isidoro et al., 2004) . Decreased respiratory ATP synthesis (OXPHOS) and decreased ATPase activity has been observed in mitochondria of human hepatocellular carcinoma (Capuano et al., 1997) . Decreased content of oxidative phosphorylation complexes (complexes II, III and IV of the respiratory chain, and ATPase/ATP synthase) has been associated with renal cell carcinoma (Simonnet et al., 2002) . Defects in respiratory enzymes due to mtDNA mutations and/or nuclear mutations or directly due to oxidative damage of the enzyme proteins and associated lipids can lead to enhanced ROS production. Cytochrome c oxidase may also contribute to decrease the level of ROS due to its antioxidant effects. Thus, a defect in cytochrome-c oxidase can cause enhanced ROS levels and a subsequent increase in mtDNA damage. Studies have shown a decreased activity of cytochrome oxidase in colon tumors as compared to normal mucosa (Cavelier et al., 1995) . Biopsies from human colon carcinoma have revealed lower expression of mitochondrial COX III, compared to normal mucosa (Heerdt et al., 1990) . A similar decrease in cytochrome c oxidase activity has been reported in human colonic adenocarcinoma (Sun et al., 1981; Cavelier et al., 1995) . Further studies involving rat hepatoma cells have revealed three times lower activity of cytochrome c oxidase and succinate dehydrogenase in tumors (Sun and Cederbaum, 1980) . In contrast to the above studies, two to four times higher amounts in the poly(A)-rich RNA of COX IV and five times higher amounts in COX I and COX II have been observed in rat hepatoma (Luciakova and Kuzela, 1992) .
mtDNA mutations in human cancer
Altered metabolism in cancer cells has been directly or indirectly linked to mitochondria. Cancer cells are metabolically adapted for rapid growth and proliferation under hypoxic conditions, a condition in which normal cells would not grow at all or only poorly (Griffiths, 2001 ). Other notable differences in the mitochondria of transformed versus non-transformed cells have been observed. Differences in the ultra structure of mitochondria (Hoberman, 1975; Springer, 1980) , and depletion cellular mitochondrial numbers have been reported in liver carcinogenesis (Cuezva et al., 2002) . Also, as discussed above, differences in content and composition of all oxidative phosphorylation complexes (Irwin et al., 1978; Cuezva et al., 2002; Simonnet et al., 2002) respiratory chain activity (Boitier et al., 1995; Rossignol et al., 2004) expression of oxidative phosphorylation genes (Weber et al., 2002) and levels of mitochondrial DNA (Simonnet et al., 2002; Meierhofer et al., 2004; Mambo et al., 2005) were reported relative to normal controls.
In an important insight, investigators focused on the ATP6 (Mt ATP6, a mitochondrial DNA encoded gene for ATPase 6 of complex V of OXPHOS chain) gene in prostate cancer to assess its functional significance to tumor formation through mutation. To determine whether mutant tumors harbored a growth advantage, they introduced a pathogenic mtDNA ATP6 T8993G mutation into the PC3 prostate cancer cell line through cybrid transfer and tested for tumor growth in nude mice. The resulting mutant (T8993G) cybrids (cytoplasmic hybrids) were found to generate tumors that were seven times larger than the wild-type (T8993T) cybrids, with wild-type cybrids having little perceptible growth in mice. The T8993G mutation causes impaired mitochondrial ATPase synthesis. Importantly, these investigators found that the mutant tumors also generated significantly more ROS and postulated that an increase in ROS may lead to an increase in DNA damage and hence tumor growth. Thus, this ATP6 mutation actively contributes to tumor progression. However, most somatic mitochondrial changes do not produce altered amino acids and their biologic functional contribution remains unclear (Petros et al., 2005) .
Towards mitochondrial therapeutics
No successful method has been established for clinically complementing mitochondrial dysfunctions in human mitochondrial disorders. However, a promising therapeutic approach to patients with mtDNA mutation is based on allotopic gene expression (allotopic gene expression is expressing a mitochondrially encoded gene from nucleus transfected constructs as fusion with an Nterminus mitochondrial target sequence). This concept was first developed by Phillip Nagley in Australia in the late 1980s, in Saccharomyces cerevisiae genes (Gearing and Nagley, 1986; Farrell et al., 1988; Law et al., 1988 Law et al., , 1990 . The first successful mammalian allotopic expression of a mtDNA-encoded polypeptide was shown in 2002 by Manfredi et al. (2002) . In this study, wild-type ATPase 6 protein was allotopically expressed from nucleus-transfected constructs as a fusion protein with mtDNA mutations in human cancer A Chatterjee et al an amino-terminal mitochondrial targeting signal peptide. Its expression in homoplasmic mutant T8993G mtATP6 cybrids corrected the ATP synthesis defect. Using a similar approach, Guy et al. (2002) have shown the allotopic expression of a synthetic ND4 subunit compatible with the 'universal' genetic code, into the mitochondria of cells harboring the G11778A mtND4 mutation that causes Leber's hereditary optic neuropathy (LHON). A different approach has shown the possibility of developing a tRNA mitochondrial import systems in human cells. Yeast cytosolic tRNAs with altered aminoacylation identities can be selectively targeted into human mitochondria, where they are functional in mitochondrial translation and can cure respiratory defects due to nonsense mutations in mtDNA-coded protein genes. But this transport is dependent on both yeast cytosolic import-directing factors (ScIDPs), and human cytosolic extracts (HmIDPs) (Kolesnikova et al., 2000) . In a recent study, the same author demonstrated that expression of yeast tRNALys derivatives are partially imported into mitochondria and are able to participate in mitochondrial translation. The import of this tRNALys was accompanied by partial rescue of the mitochondrial function affected by the mutation A8344G, which occurs in myoclonic epilepsy with ragged-red fibers (MERRF) syndrome (Kolesnikova et al., 2004) . Targeted restriction endonucleases have been used as a tool for treatment of mitochondrial dysfunction, The SmaI gene with a mitochondrial targeting sequence, when expressed in cybrids carrying mutant mtDNA, resulted in elimination of the mutant mtDNA, followed by progression of the wild-type mtDNA, which led to the restoration of normal intracellular ATP level and normal mitochondrial membrane potential (Tanaka et al., 2002) . Earlier studies have also demonstrated the targeting of endonucleases (PstI) to mitochondria as a potential tool for mitochondrial gene therapy (Srivastava and Moraes, 2001 ). Other therapeutic approaches included the use of Oligomycin which showed an increase of wild-type cells over cells harboring the mutation T8993G of mtATP6 gene (Manfredi et al., 1999) .
Non-small-cell bronchial-carcinoma cell lines treated with Clofazimine, a known inhibitor of respiratory function, inhibiting mitochondrial OXPHOS and hence energy metabolism, in combination with Oligomycin resulted in inhibition of mitochondrial function. Administration of Clofazimine to athymic mice bearing these non-small cell lung cancer cell lines as a subcutaneous xenograft, showed significant reduction in tumor growth rate (Sri-Pathmanathan et al., 1994) . Studies have also demonstrated the successful use of co-enzyme Q in several mitochondrial dysfunctional diseases (Luft, 1994) . Recent studies with arsenic trioxide shows that it inhibits mitochondrial respiratory function, increases free radical generation, and enhances the activity of another super oxide generating agent against cultured leukemia cells and primary leukemia cells isolated from patients (Pelicano et al., 2003 (Chinnery et al., 1999; Flierl et al., 2003) .
Mitochondrial diagnostics of tumors
Over the past decade, a variety of approaches have been developed to improve the results of conventional cancer screening by detecting molecular markers in clinical samples (Sidransky, 2002) Although nuclear genetic and epigenetic changes have been the cornerstone of such studies, mitochondrial cellular content and mutations are also emerging as new molecular markers. We have shown that damaged mtDNA in cell lines led to the rapid evolution of homoplasmic mutations (Mambo et al., 2003) . These types of homoplasmic mutations have been confirmed to occur in vivo in early preneoplastic and cancerous lesions (Ha et al., 2002) . Recent refinements in techniques for the detection of mtDNA content combined with rapid high throughput methods of mutation detection, have spurred interest in clinical studies of various tissues and bodily fluids (Nomoto et al., 2002a) . Examination of human bladder, head and neck, and lung primary tumors revealed a high frequency of mtDNA mutations (Fliss et al., 2000) The majority of these somatic mutations were homoplasmic in nature, indicating that the mutant mtDNA became dominant in tumor cells. The mutated mtDNA was readily detectable in cancer-paired bodily fluids (including urine, saliva and sputum) from each type of cancer and was 19-22 times more abundant than mutated nuclear p53 DNA (Fliss et al., 2000) .
In 46 primary breast tumors, poly-C alterations in D310 were found in seven cancers by PCR. Using D310 mutations as clonal marker, investigators detected identical changes in five of five matched fine-needle aspirates and in four of four metastases-positive lymph nodes . In another study, identical changes were detected in four of four urine sediments from patients with bladder cancer and in three of three fine needle aspirates of patients with breast cancer (Parrella et al., 2003) . Nipple aspirate fluid has also mtDNA mutations in human cancer A Chatterjee et al yielded mitochondrial C-tract alterations in breast cancer patients (Isaacs et al., 2004) In another study, urine from five patients with bladder cancer and duodenal aspirates from four patients with pancreatic cancer were tested using the Mitochip array (Maitra et al., 2004) . At least one cancer associated mitochondrial mutation was found in six of the nine body fluid samples. In prostate cancer, identical mitochondrial mutations were detected in all (three of three) matched urine and plasma samples (Jeronimo et al., 2001) . In hepatocellular carcinoma, identical mitochondrial mutations were detected in eight of 10 tested paired serum samples (Nomoto et al., 2002b) . In all of these studies, mitochondrial mutations were detected in clinical samples from early stage patients. Thus, by virtue of their clonal nature and high copy number, mitochondrial mutations provide a powerful molecular marker for noninvasive early detection of cancer. With the advent of high throughput approaches such as the Mitochip (Maitra et al., 2004) , larger more prospective studies will be carried out to determine the value of these mutations in early detection approaches.
Conclusion
Mitochondrial DNA mutations and or insertions/deletions have been observed in many types of human cancer. Mitochondrial functional defects have also been observed due to abnormal expression of mtDNA encoded proteins due to defective oxidative phosphorylation. The clinical phenotypic variability of the mitochondrial mutations and polymorphic alterations in the mitochondrial genome generates technical challenges for applying clinical samples for early detection of cancer. Future studies are required to access the functional role of the various mitochondrial mutations in initiation and progression of cancer. Studies on the defects in oxidative phosphorylation and their inhibition or reversal, may also help in developing therapeutic strategies in cancer.
